ABSTRACT: To detect the effects of a deciduous shrub Salix reinii on microclimate along a gradient of elevation during the snow-free period, we measured ground surface temperature and surface photosynthetically active radiation (PAR) for bare ground and S. reinii patches (henceforth 'patches'). Measurements were made at low (560 m above sea level), middle (665 m), and high (755 m) elevations on the Mount Koma volcano in northern Japan. Soil water content was also measured for bare ground and under S. reinii patches at the middle elevation, and wind speed was measured on bare ground at all 3 elevations. The forest canopy, dominated by Larix kaempferi, was more developed at lower elevations, and wind speeds there were lower. The PAR value in patches decreased with increasing foliage, which also reduced temperature fluctuations at all 3 elevations. The water content remained higher in patches than on bare ground. These observations show that shrub cover markedly reduces temperature fluctuation and soil desiccation by intercepting solar radiation. Differences in microclimate between the 3 elevations were less in the shrub patches, showing that the patches weakened the effects of elevation and canopy on microclimate at each of the elevations surveyed. 
INTRODUCTION
Microclimate influences ecosystem structures and functions, both directly and indirectly (Chen et al. 1999) . For instance, in a Pseudotsuga menziesii forest, temperature and soil moisture in summer are more variable in small gaps created by fallen trees than in closed canopies (Gray et al. 2002) . Through the creation of shelters, a forest canopy influences plant growth in the understory by changing temperature and wind speed (Proe et al. 2001) . Canopies of Pinus flexilis trees reduce wind intensity, especially on the leeward side, and hinder the establishment of understory herbs and shrubs (Baumeister & Callaway 2006) . A larch species, Larix kaempferi, has migrated from the bottom of the Mount Koma volcano in Hokkaido Island in northern Japan, so that the forest canopy and age gradually decrease with increasing elevation (Akasaka & Tsuyuzaki 2009 ). In mixed conifer forests, fluctuations of the microclimate are influenced primarily by elevation and canopy cover (Ma et al. 2010) . The effects of forest canopy on microclimate should therefore be examined at differing elevations in mountainous regions.
The shading and shelter effects of shrub patches affect the microclimate, which is characterized by tem perature, light intensity, and soil moisture (Walker et al. 2003 , Gomez-Aparicio et al. 2005 . On Mount Koma, Salix reinii shrubs facilitate the establishment of perennial herbs by improving soil moisture, light intensity, and/or seed-trapping (Uesaka & Tsuyuzaki 2004) . S. reinii is a deciduous shrub found in central Japan and the southern Kurile Islands (Ohwi & Kitagawa 1983) . The effects of deciduous shrubs on microclimate differ with season as a result of leaf phenology, so that they are dynamic and complex (El-Bana et al. 2002 , Baumeister & Callaway 2006 . Furthermore, there is little micrometeorological data from mid-and upper-elevational sites on mountains (Friedland et al. 2003) . Seasonal changes in microclimate induced by S. reinii patches should therefore be determined along a gradient of elevation with increasing canopy openness. Using S. reinii shrub, we compared microclimate between bare ground and shrub patches during the plant-growing seasons at 3 elevations on Mount Koma. We focused on how the shrubs reduced differences in microclimate with elevation. We propose that the S. reinii patches moderate the microclimate at all ele vations, because they facilitate the establishment of perennial herbs, even at high elevations (Uesaka & Tsuyuzaki 2004 ).
MATERIALS AND METHODS

Study area and plant materials
Mount Koma is a stratovolcano situated in southern Hokkaido, northern Japan (42°02'N, 140°40'E; 1131 m above sea level). In 1929, a 1 d eruption produced 0.38 km 3 of ash and 0.14 km 3 of pumice, and the resulting mudflow destroyed most vegetation on the slopes (Yoshii 1932) . The volcanic deposits were dominated by pumice and volcanic ash. Small eruptions occurred close to the summit in 1996, 1998, and 2000, but did not affect the SW slope studied in the present study (Tsuyuzaki & Hase 2005) . Patches of Salix reinii shrub are widespread on the slopes of the volcano (Fig. 1) , and leaf emergence usually begins in early May soon after snow-melt. Leaf production is complete in summer, and defoliation occurs gradually until snow-packing occurs (Uesaka & Tsuyuzaki 2004) .
In the present era, revegetation has proceeded from the bottom to the top of the mountain, mainly by the migration of the deciduous needle-leaved tree Larix kaempferi (Nishi & Tsuyuzaki 2004) . To determine the changes in forest structures along an elevational gradient, sixteen 20 × 20 m plots were set up at altitudes of between 546 and 830 m elevation (Fig. 1) . In these plots, the diameter at chest height (1.3 m) and the height of each tree were measured in 2004 and 2007. The basal area was calculated from the diameters. The tree height and basal area are surrogates for the tree canopy area, since they are positively related to the canopy area on Mount Koma (Kondo & Tsuyuzaki 1999 , Akasaka & Tsuyu zaki 2009).
Microclimate measurements
Weather stations (Hobo Weather Station, Onset) were set at each of 3 elevations on the SW slope of the mountain ( Fig. 1) : 560 m (henceforth referred to as low elevation), 665 m (middle), and 755 m (high). A wind gauge (S-WCA-M003) was established 50 cm above the surface on bare ground at each elevation. A thermometer (S-TMA-M017) and a photosynthetically active radiation (PAR) sensor (S-LIA-M003) were established at ground level on bare ground and in a Salix reinii shrub patch (henceforth 'patch') at each elevation. The sensors were set up in the center of the patches. In addition, at the middle elevation a rain gauge (S-RGB-M006) was set up on bare ground, and a time-domain reflectometer (S-SMA-M003) was placed on bare ground and in the patch at a depth of 5 cm. Measurements took place from 1 July to 31 October 2005 and from 1 to 30 June 2006, at 10 min intervals.
Where the weather stations were set up on bare ground, vascular plants covered <1% of the area, and mosses and lichens were established only sparsely (Fig. 1) . Litter accumulation was least on bare ground. To specify the patch structures of Salix reinii, densities of leaves and branches on each patch ). The thickness of the litter was also measured at each cell.
Statistical and model analysis
Daily mean temperature and standard deviation (SD) were calculated from the collected data. The SD was taken as a measure of the temperature fluctuation within a day. The relative intensity of PAR (henceforth, relative PAR) (%) in the patch was calculated from the formula: (PAR on patch)/(PAR on control) × 100.
As the habitat (bare ground and patch) was a categorical variable, generalized linear modeling (GLM) was used for all analyses, using the statistical program R (ver. 2.10.1) (R Foundation for Statistical Computing) with 2 libraries, MASS and lmer. The densities of leaves and branches in the patches at the 3 elevations were compared, using the numbers of leaves and branches touched at each intersection of the cells in shrub patches. The comparisons were conducted by GLM with a Poisson distribution. GLM was also used to predict the microclimate characteristics within a patch. The response variables were daily mean temperature, temperature fluctuation, and PAR. In studying temperature fluctuation, the mean temperature was added into the explanatory variable. These response variables were then compared for bare ground and patch, taking into account elevation and day length. Day length is parameterized to predict phenological changes in leaf density for deciduous plants (Arora & Boer 2005) . Interaction between day length and leaf density was therefore inserted into the model. Day length was calculated from a formula based on latitude, longitude, altitude, slope direction, and gradient (JHA 2011) . Interaction between elevation and habitat was also examined. The best-fit GLMs were selected by Akaike's information criteria (AIC) (Burnham & Anderson 2002) . Wind speeds, measured by a 10 min average and gust, were compared across elevations by GLM with a Gaussian distribution, following square-root transformation. The difference in water content between bare ground and the patch at middle elevation was examined by GLM with a Gaussian distribution. Temperature fluctuations on bare ground and the patch were predicted by 4 GLMs, so as to extract significant relationships between microclimatic characteristics (see Table 1 ).
RESULTS
Changes with elevation of tree canopy and wind
The total basal area of trees increased with decreasing elevation ( The daily wind speed averaged over 10 min, and the peak (gust) value differed significantly between elevations (GLM, p < 0.01), and were least at lower elevations (Fig. 3) . The maximum gust was 9.46, 10.95, and 14.84 m s −1 at low, middle, and high elevations, respectively.
Shrub structure
Salix reinii patch sizes were 0.47, 0.66, and 0.43 m 2 at the low, middle, and high elevations, respectively, and the mean heights were 17, 19, and 11 cm, respectively. Leaf density (no. of contacts per intersection; see Section 2.2) was 0.95 ± 1.33 (mean ± SD) at the low, 1.71 ± 1.40 at the middle, and 1.15 ± 1.27 at the high elevation, and branch density (no. of contacts per intersection) was 0.26 ± 0.63 at low, 0.57 ± 0.73 at middle, and 0.44 ± 0.82 at high elevation. The mean density of leaves was higher at the middle elevation than at the low and high elevations (p < 0.01), and that of branches did not differ between elevations (p > 0.01). Litter thickness was synchronized with the leaf density of shrub patches: 0.2 ± 0.2 cm at low, 1.1 ± 1.2 cm at middle, and 0.6 ± 0.8 cm at high elevation, although the statistical significances were weak (0.01 < p < 0.05).
Seasonal changes in foliage and PAR
The daily mean PAR on bare ground ranged from 22.6 to 666.3 μmol m −2 s −1
, and that in a shrub patch varied from 1.3 to 255.8 μmol m −2 s −1 (Fig. 4) . The PAR on bare ground was correlated positively with length of day (p < 0.01), and was highest at high elevation where tree canopy was least (p < 0.01). The PAR in patch was not significantly correlated with day length. These results imply that shading by the patch is the main factor determining the PAR in patches. The PAR was significantly lower in the patch than at bare ground throughout the surveyed periods (p < 0.01) (Fig. 4) . For PAR, interaction between elevation and habitat was significantly positive (p < 0.01), showing that patches reduced PAR to a greater extent at higher elevations.
The relative PAR was < 30% at the 3 elevations in July and August, but at the low and middle elevations in October it was around 60% (Fig. 4) . Relative PAR was negatively correlated with length of day (p < 0.01), i.e. low in summer, indicating that it is greatly influenced by foliage. The relative PAR decreased with increasing elevation (p < 0.01). In particular, the relative PAR was low at high elevation in June and October, suggesting that the timing of defoliation of Salix reinii differs between the elevations.
Temperature changes
The mean daily temperatures at both bare ground and shrub patches rose significantly with day length (p < 0.01) (Fig. 5) . The temperatures on bare ground were highest at low elevation (p < 0.01), but did not differ significantly between the middle and high elevations. The mean temperature was 1.3°C lower on shrub patches than on bare ground throughout the snow-free period, indicating that not only leaves, but also branches, reduced the temperature.Temperatures in the patches decreased more in July and August than in June and October, implying that foliage greatly reduced the temperature. With increasing eleva tion, the temperature in the patches became lower. The daily temperature fluctuation, expressed by SD, increased with increasing mean temperatures at both bare ground and patches (p < 0.01). The fluctuation decreased with decreasing day length. Shrub patches reduced temperature fluctuation at all elevations. The fluctuations on bare ground did not differ significantly between the 3 elevations (p < 0.01); fluctuations at patches were least at the middle elevation (p < 0.01). The leaves and branches of Salix reinii patches were densest at the middle elevation, so the shrub structures are clearly involved in reducing temperature fluctuations.
Water content in volcanic deposits
Water content in the volcanic deposits increased in bare ground immediately after rainfall (Fig. 6 ). In the absence of rainfall, water content decreased gradually with time. This trend was clearer in bare ground than in patches, so that patches support higher water content in the volcanic deposits. High water retention in the patches was clearly observed in July and August 2005, when the shrubs were fully foliated. The water content throughout was higher in the patches than in bare ground (p < 0.01); the differences were 4.1% in July, 3.1% in August, 1.6% in September, and 1.2% in October. Relative PAR in patches expressed by (PAR in patch) / (PAR in control) × 100 at the 3 elevations. The measurement years are shown in parentheses. PAR at bare ground is significantly related to day length, is highest at the high elevation, and always higher than PAR in patches (GLM, p < 0.01). PAR in a patch increases with day length and elevation. Interactions were not significant on bare ground, and between elevations and habitats were significant and positive on patches. Lower and upper edges of boxes: 25 and 75% quartiles, respectively. Whiskers: range of maximum and minimum values (length of whiskers is 1.5 times the interquartile range). Circles: outliers 
Temperature fluctuations within a day
The greatest difference between minimum and maximum temperatures was 22.7°C at 12:30 h on 30 June 2005 at the middle elevation (Fig. 7) . The temperatures on that day were lower in patches than on bare ground during the daytime at each elevation. The reduction of temperature in the patch was particularly notable around midday.
Shrub patches reduced the PAR at all elevations (Fig. 7) . The PAR in patches was high around sunrise and sundown, probably because the structures of leaves and branches allowed angled light penetration. The temperatures on bare ground did not differ greatly between the elevations on that day. In contrast, the temperatures in the patches differed between elevations; in particular, the temperatures were highest at the low elevation.
Determinants of temperature fluctuation
The temperature fluctuation on bare ground at the middle elevation was modeled by the following equa tion (for the abbreviations in the equations, see Table 1 ):
Here, P bmn , W bmn , G, D, and the intercept were significant at p < 0.01. T bsd decreased with increasing W bmn , R, and G. The interaction between W bmn and G was also significant, showing that wind (indicated by gust) and water content jointly influenced the temperature fluctuation. The fluctuations were smaller for a shorter length of day.
The temperature fluctuation in patches at the middle elevation was modeled by the following equation:
Here, T bsd , P pmn , and D were significantly correlated with T psd at p < 0.01. The mean temperature on bare ground was eliminated from the model, indicating that the temperature fluctuation in a patch did not depend on it. The intercept was significant at p < 0.01. The interaction between water content in the patch and precipitation was discarded in the model. The highest t-value in the model was for the temperature fluctuation on bare ground (T bsd ), indicating that T bsd was the most significant determinant of temperature fluctuation on a patch (T psd ) and was related strongly to fluctuation on bare ground. The correlation coefficient between T bsd and T psd was high, at + 0.888 (p < 0.01). Furthermore, the correlation coefficient between the observed and predicted temperature fluctuations in Eq. (2) became higher, i.e. + 0.952. Eq. (2), comprising 7 explanatory variables, shows that the selected microclimatic factors also regulate temperature fluctuation. The temperature fluctuations on bare ground at the 3 elevations were modeled by the following equation:
Of the explanatory variables examined, only water content was not adopted in this model. Temperature fluctuations on bare ground were positively related with mean daily PAR on both bare ground and patches, and with elevation, but negatively correlated with precipitation, gust, and day length.
The temperature fluctuations in patches at the 3 elevations were modeled by the following equation:
Elevation was not adopted in Eq. (4) for predicting temperature fluctuation in shrub patches, but it was involved in the Eq. (3) for the fluctuation on bare ground. These results imply that the effects of a patch on temperature fluctuation do not depend on elevation and are due to plant structures, represented by the densities of leaves and branches.
DISCUSSION
Effects of tree canopy and elevation on microclimate
Wind speed was less at lower elevations with more tree canopy. Since tree height and density decreased with increasing elevation, the wind speed was greater with the combined effects of elevation and tree canopy. Forest gaps created by timber harvesting raise wind speed by 40% in upland forests in the UK (Proe et al. 2001) . Microclimate and facilitation are essential for tree regeneration, which is necessary for the treeline to move upwards (Richardson & Friedland 2009 ). Furthermore, the PAR on bare ground increased with increasing elevation, where the tree canopy decreased. PAR greatly influenced mean temperature and temperature fluctuation on bare ground. Shading by the tree canopy influences temperature fluctuations more strongly on hotter days during summer (Renaud & Rebetez 2009 ).
These observations suggest that the effects of the forest canopy increase with increasing succession on volcanoes. As the dominant tree, Larix kaempferi, migrates on Mount Koma from the foot to the SW slope, tree age is positively correlated with elevation (Kondo & Tsuyuzaki 1999) . The tree canopy will increasingly affect the microclimate more in the future, even at high elevation.
Shrub patch effects on above-ground microclimate
Salix reinii shrub patches greatly reduced mean daily temperature and PAR, particularly in summer when leaf density was high. In Mediterranean shrubland, shading by shrub leaves reduces photoinhibition and water stress during the humid spring and dry summer (Cuesta et al. 2010) . Although the larch is also deciduous, PAR did not vary greatly on bare ground with changing day length. These findings suggest that the changes in microclimate were due more to S. reinii shrub patches than Larix kaempferi tree canopies. Table 1 . Four primary models for studying the determinants of temperature fluctuation were constructed, and the final best models chosen by significant explanatory variables, based on stepwise AIC procedures. T bsd and T psd = daily temperature fluctuation at middle elevation expressed by SD in bare ground and patch, respectively. F bsd and F psd = temperature fluctuation at all elevations in bare ground and patch, respectively. T bmn = daily mean temperature in bare ground. P bmn and P bsd = daily mean and SD, respectively, of PAR in bare ground. P pmn and P psd = daily mean and SD, respectively, of PAR in patch. W bmn and W pmn = daily mean water content in bare ground and patch, respectively. R = precipitation. G = gust. D = day length. E = elevation. L = leaf density on shrub patch. B = branch density on patch. L t = litter thickness. The symbol (×) indicates interaction, α i is the slope of each explanatory variable in the equation, and β is the intercept. The delayed effect of PAR on temperature is not considered, because a preliminary analysis showed no time-lag between PAR and temperature at 10 min intervals. Wind speed was not used in the model to remove the autocorrelation, because the gust was highly auto-correlated to the averaged wind speed and was a better predictor in the models
The wind speed should be reduced under the patch shelters, particularly when foliage is well developed in summer (although the wind speed was not measured in the patches). Most litter was accumulated in the patches, and its thickness was positively correlated with leaf density. Litter accumulates more under larger shrub patches, because wind speeds are lower (El-Bana et al. 2002) . Dwarf shrub structure, including Salix reinii, appears to capture more litter than a bare ground surface. Levels of nutrients originating from litter in the volcanic deposits subsequently become higher in the patches than in bare ground (Zhao et al. 2007 , Endo et al. 2008 . Litter mulch also reduces frost damage to seedlings in early spring and late fall (Groeneveld & Rochefort 2005) .
Shrub patch effects on below-ground microclimate
Both the above-ground microclimate and belowground microclimate were moderated by shading. Water content remained higher and fluctuated less in the patches than in bare ground, indicating that the patches influenced the below-ground microclimate also. Since the texture of volcanic deposits did not differ between bare ground and shrub patches (Uesaka & Tsuyuzaki 2004) , the high water content in patches must be due mainly to shading by the leaves and branches of shrubs. Patches of Caragana microphylla and Salix gordejevii shrubs increase moisture in soils and act as seed traps in Mongolian sand dunes (Zhao et al. 2007) . Shrub patches are more helpful for the establishment of seedlings on dry soil than on wet soil in a Mediterranean montane shrubland, through the maintenance of high soil moisture (Gomez-Aparicio et al. 2005) . The high water content of soil in shrub patches promotes seedling survival in xeric habitats (Plamboeck et al. 2008) .
The soil moisture beneath shrubs is different for different shrub species (Cavieres et al. 2007) . A nitrogen-fixing Alnus viridis thicket 3 m in height was found to reduce water content in volcanic deposits during summer on the pumice plains of Mount St. Helens, probably because of water uptake by A. viridis (Titus 2009 ). The water content in the Salix reinii patch remained high, so that water-uptake and evapotranspiration in the patch did not exceed the water supply from rainfall. The amount of water retained beneath a shrub patch was particularly high when foliage was well developed, suggesting that the activity of shrubs strongly influences the belowground micro-environment.
Seasonal changes in the effects of shrub patches
The effects of shrub patches on microclimate changed seasonally and were greatest in summer, suggesting that foliage controls the microclimate. The evergreen shrub Gaultheria miqueliana does not facilitate the establishment of cohabitants on Mount Koma, due to continuous shading (Uesaka & Tsuyuzaki 2004) . Seasonal fluctuations in PAR are less beneath evergreen tree crowns than under deciduous tree crowns (Clinton 2003) . A high PAR prior to leaf development promotes seed germination under deciduous shrubs, such as Salix reinii (Soliveres et al. 2010 ). On Mount Koma, most seedlings emerged before July, when leaf development was not completed (Tsuyuzaki & Hase 2005) . It follows that deciduous shrub patches have a positive effect on interspecific relationships, i.e. facilitation. S. reinii shrub patches facilitate the establishment of other species, whereas G. miqueliana inhibits them (Uesaka & Tsuyu zaki 2004) . Leaf density and day length were strongly related to temperature fluctuations in a patch. When the densities of leaves and branches were low in patches, the effects of patches on temperature fluctuation remained significant. These findings suggest that branches of shrubs also contributed to changes in the microclimate.
In conclusion, the structure and phenology of shrubs, measured by leaf and branch densities, are very important for microclimatic changes, influencing it via above-ground and below-ground mechanisms. The structure and development of shrub patches should be further studied to improve our understanding of the effects of shrubs on microclimate and facilitation. 
